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METHOD AND APPARATUS FOR SUB-MICRON IMAGING AND 
PROBING ON PROBE STATION 



RELATED APPLICATION 



5 



This application claims priority to US provisional application serial 



number 60/143,182, filed July 9, 1999, entitled "Sub-Micron Imaging Probe 



Station. 



BACKGROUND OF THE INVENTION 



Field of the Invention 



10 



The present invention relates generally to the stimulus and measurement of 



electrical signals on microelectronic devices. Specifically, to providing the 
imaging of and electrical measurements on microelectronic devices for purposes 
that include device characterization, testing and failure analysis. 
Background Information 



rapid technological advances in the design and fabrication of dense integrated 
circuits (IC's). The continuing advances are increasing the speed and decreasing 
the size of devices fabricated on an IC, engendering a new generation of "deep 
sub-micron" technology, whose circuit elements are substantially smaller than 0.5 

20 ^im. Measuring the performance of these "deep sub-micron" circuit elements 

(device characterization) and diagnosing the cause of failed IC's (failure analysis) 
is a continual test and measurement challenge. Device characterization, 
diagnostics, and failure analysis of advanced microelectronics depends on the 
ability to stimulate and measure electrical signals at internal circuit points (nodes). 

25 Microelectronic devices are often probed to measure signals at nodes not 



15 



The microelectronics field is a multi-billion dollar industry that is driving 
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readily accessible through external connections. Probing has traditionally been 
accomplished by using a precision testing platform, known as a probe station, for 
mounting the device-under-test (DUT), mounting manipulators for placing the 
probes on circuit elements in the DUT, and providing a way to view the area to be 
5 tested, normally an optical microscope. 

The probes typically include sharpened metal needles or wires to make 
electrical contact with the device or node of interest. These wire or needle-like 
structures are usually installed in an arm which allows the tip of the wire or needle 
to be placed in electrical contact with a particular circuit point, while avoiding 

10 contact with other electrical structures necessary to provide power and other 
signals to the device-under-test (DUT). This arm is often referred to as a probe 
and the wire or needle-like structure extending from it is known as a probe-tip. 

These metal needles or wires are often located at the end of precision 
manipulators (probe positioners), which are used to accurately place the tip of the 

15 needle or wire on the circuit element to be measured or stimulated. Substantial 
effort has been expended on the design of such probe positioners, since they are 
used to place the probe-tip precisely on micron-size devices inside the integrated 
circuit and keep stable contact for many minutes or hours. 



20 The location of a circuit element of interest and of the probe-tip is determined by 
viewing both through an optical microscope(s) that are mounted on the probe 
station. During IC testing or device characterization, several such probes are 
typically used to probe the internal circuit, and each is placed using the common 



The probe manipulators are typically integrated with the probe station. 
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high-magnification viewing system, a probe station microscope or lens 
arrangement. 

This traditional probe station and needle or wire probe system has sufficed 
for many years to stimulate and measure signals from the internal nodes of 
5 integrated circuits. However, the size of the circuit elements comprising many 
present day IC's is under 0.5 ^m and cannot be seen using probe station optical 
microscopes. Under an optical microscope, even at substantial magnification, two 
0.5 ^m devices, positioned 0.5 \im apart, often cannot be resolved. 
Miniaturization has reduced the dimension/size of microelectronic circuit 

10 elements to the point where optical imaging systems are no longer capable of the 
resolution needed to place probes on the nodes of interest. Simply put, the 
dimensions of microelectronics have shrunk below the size that can be imaged 
with optical imaging systems now on probe stations. Additionally, traditional 
needle or wire probe tips, because of their larger tip diameter, cannot reliably 

15 make electrical contact with sub-0.5 ^im circuit elements. When contact can 
occasionally be made using traditional probe tips, the large capacitance and 
inductance associated with their size changes the circuit characteristics, altering 
the true performance of the device or circuit. This effect is known as "probe 
loading" or "loading" of the DUT by the probe. 

20 Users of present day probe stations often have considerable investment in 

their probe stations. For instance, there is also enormous investment in the 
software that controls and coordinates the probe stations. Traditional probe 
stations are well configured to stimulate devices and mechanical probes are still 
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useful when microelectronic devices have dimensions large enough to be imaged 
by probe station microscope systems. For many users, replacing their current 
probe station is a monumental task, causing major delays in the release of new 
products, and engendering development expenses many times greater than the cost 
5 of a probe station. 
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SUMMARY OF THE INVENTION 

A probe apparatus and method are described. In one embodiment, a probe 
apparatus includes a first positioning unit configured to be optionally added onto a 
probe station platform. A probe arm is attached to the first positioning unit. A 
5 second positioning unit is attached to the probe arm. A cantilever is attached to 
the second positioning unit. The cantilever includes a tip. The first and second 
positioning units are configured to position the tip over a device under test (DUT). 
The probe apparatus includes an electrical signal path from the tip of cantilever. 
The probe apparatus also includes a motion sensor configured to detect motion of 
10 the cantilever. Additional features and benefits of the present invention will 

become apparent from the detailed description, figures and claims set forth below. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by way of example and not limitation 
in the accompanying figures. 



Figure 1 is'adiagram of one embodiment of a probe station including a 
cantilever motion sensor in accordance with the teachings of the present 
invention. ' 



Figure 2 is^a diagram illustrating one embodiment of cantilever motion in 
relation to the height of a device surface in accordance with the teachings of the 
present invention. 



Figure 3 is^a diagram of one embodiment of a probe station including a 
buffer amplifier in accordance with the teachings of the present invention. 



Figure 4 is a,diagram of one embodiment of a probe station including a 
coarse positioner and a fine positioner in accordance with the teachings of the 
present invention. 

Figure 5 is a diagram of one embodiment of a probe station including light 
path optics out of the field of vision of an optical imaging system in accordance 
with the teachings of the present invention. 
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DETAILED DESCRIPTION 

A sub-micron imaging probe that may be optionally added onto a 
traditional probe station platform is described. In the following description, 
numerous specific details are set forth in order to provide a thorough 
5 understanding of the present invention. It will be apparent, however, to one 
having ordinary skill in the art that the specific detail need not be employed to 
practice the present invention. In other instances, well-known materials or 
methods have not been described in detail in order to avoid obscuring the present 
invention. 

10 The present invention provides a way to preserve a user's investment in 

traditional probe stations and testing methodologies by enabling these systems to 
be used in applications where the dimensions of microelectronics make optical 
sub-micron imaging and placement of the conducting probes difficult and where 
reduced loading of the microelectronic circuits is desirable. One embodiment of 

15 the present invention can be quickly and easily added to a traditional probe 
station, enabling sub-micron and "deep sub-micron" imaging and probe 
placement, low-loading electrical measurements. In one embodiment, the present 
invention is compatible with the custom fixtures and instruments in traditional 
probe stations normally used in the characterization and testing of integrated 

20 circuits. 

Figure 1 is an illustration of one embodiment of a probe apparatus 101 in 
accordance with the teachings of the present invention, which includes a micro- 
machined conducting cantilever 105 and tip 107 mounted such that an electrical 
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signal path 109 is established between the probe tip 107 and the probe station 
instruments 117. In one embodiment, the cantilever 105 and tip 107 are also 
mechanically attached to a positioning unit 103,\vhich in one embodiment is an x, 
y, z motion stage. This positioning unit 103 is in turn optionally mounted or 

5 added onto an existing probe station platform 113. In one embodiment, probe 

""""" 

station platform 113 is part of a present day traditional probe station. The present 
invention also includes a motion sensor 111. In one embodiment, motion sensor 
1 1 1 is configured to sense motion of cantilever 105. Techniques utilized by 
motion sensor 1 1 1 for sensing motion in the cantilever 107 may include, but are 

10 not restricted to optical beam bounce, capacitive motion detection, piezo-resistive 
and optical interferometric techniques. 

In one embodiment, the tip 107 is lowered to the surface of device under 
test (DUT) 1 19 using the positioning unit 103. In one embodiment, the x, y, z 
motion of the cantilever 105 and tip. 107 are accomplished using piezoelectric 

15 elements in positioning unit 103. Contact between the tip 107 and surface of 
DUT 119 is detected using the motion sensor 111. In one embodiment, once the 
tip 107 has contacted the surface of DUT 1 19, tip 107 is then moved over the 
surface of DUT 1 19 to produce an image related to the surface topography of 
DUT 119. If the motion of the tip 107 is measured along with the position of the 

20 tip 107, an image related to the surface topography of DUT 1 19 may be obtained. 

For example, if an electrical trace exists on the surface of DUT 1 19 that is 
higher than the surrounding regions, as shown with surface height 201 in Figure 2, 
it will produce a corresponding change in the cantilever motion 203. By 
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monitoring the cantilever motion 201 of the cantilever 105, it can be determined 
that the center of the electrical trace is located at x 0 . The tip 107 can then be 
accurately placed on the electrical trace at x c , and the electrical signal path 109 
may be used to either measure an electrical signal contained in the electrical trace 
or supply an electrical signal or stimulus to the electrical trace. More importantly, 
since this imaging is accomplished with a micro-machined tip 105, the imaging 
resolution is only limited by the dimensions of cantilever 105 and tip 107. 

The resolution possible with a presently described micro-machined 
cantilever 105 and tip 107 is significantly better than that achievable with optical 
imaging systems where the resolution is limited by the wavelength of light, and 
the numerical aperture of microscope objectives. With present day optical 
imaging systems, this limits the resolution to about 1 micrometer. In state of the 
art microelectronics the dimensions of electrical signal traces are less then 0.18 
micrometers and hence not able to be imaged with present day probe station 
optical imaging systems. However, with a presently described micro-machined 
cantilever 105 and tip 107, it is common to achieve resolutions of less than lOnm. 
As tip manufacturing improves this limit is expected to decrease. 

Figure 3 is an illustration of one embodiment of a probe apparatus 301 
including a buffer amplifier 321 included in the electrical signal path 309. As 
shown, the electrical signal path 309 includes a buffer amplifier 321 in close 
proximity to the cantilever 305 and tip 307. This allows the signals from the DUT 
319 to be buffered from the probe station instruments 317. In one embodiment, 
the distance between the cantilever 305 and the buffer 321 is reduced to reduce 
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the parasitic loading on the DUT 319. In one embodiment, the cantilever 305 and 
the buffer amplifier 321 are mounted on the same support structure 323. For 
instance, if the cantilever 305 is held by an alumina plate support structure 323, 
then the buffer amplifier 321 also resides on the alumina plate support structure 
5 323. In another embodiment, the support structure 323 could be replaced with any 
material that would be mechanically suitable to hold the cantilever 305 and 
provide a suitable electrical substrate to hold the buffer amplifier 321. 

In one embodiment, the buffer amplifier 321 is a field effect transistor 
(FET) input buffer 321. Thus, in one embodiment the electrical signal path 309 

10 includes a FET input buffer 321 in close proximity to the cantilever 305. The use 
of a FET input buffer 321 in the signal path 309 reduces the electrical load on 
DUT 319. In one embodiment, the distance between the cantilever 305 and the 
FET input buffer 321 is reduced to reduce the parasitic loading on the DUT 319. 
In one embodiment, the cantilever 305 and the FET input buffer 321 are mounted 

15 on the same support structure 323. For instance, if the cantilever 305 is held by an 
alumina plate support structure 323, then the FET input buffer 321 also resides on 
the alumina plate support structure 323. In another embodiment, the alumina 
plate support structure 323 could be replaced with any material that would be 
mechanically suitable to hold the cantilever 305 and provide a suitable electrical 

20 . substrate to hold the FET input buffer 321. 

In another embodiment, the signal path 309 includes a series resistor (not 
shown) in close proximity to the cantilever 305. The use of a series resistor in the 
electrical signal path 309 reduces the electrical load on the DUT 319. In one 
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embodiment, the distance between the cantilever 305 and the series resistor is 
reduced to reduce the parasitic loading on the DUT 319. In one embodiment, the 
cantilever 305 and the series resistor are mounted on the same support structure 
323. For instance, if the cantilever 305 is held by an alumina plate support 
5 structure 323, then the series resistor also resides on the alumina plate support 
structure 323. The alumina plate of support structure 323 could of course be 
replaced by any material that would be mechanically suitable to hold the 
cantilever 305 and provide a suitable electrical substrate to hold the series resistor. 



10 one embodiment to sense motion in the cantilever 305. In one embodiment, the 
cantilever 305 motion is sensed using a light beam 325 bounce technique. In one 
embodiment of the motion sensor 31 1, a beam of light 325 is directed onto the 
cantilever 305. When the cantilever 305bends, the angle at which the light beam 
325 reflects off the cantilever 305 changes. Motion sensor 311 can sense this 

15 change in angle can then be used to detect cantilever 305 motion. In one 
embodiment, the change in angle may be detected using a bicell photodiode. 

In an embodiment in which the motion sensor 311 utilizes a light bounce 
technique to detect motion of the cantilever 305, a light beam 325 is directed onto 
the cantilever 305. In one embodiment, a motorized mechanical slide (not shown) 

20 can be used to translate the light beam 325 and direct it onto the cantilever 305. 
In one embodiment, the mechanical slide can also be adjusted by hand, but this 
will result in a significant motion of the cantilever 305. Consequently, if the 
cantilever 305 is in close proximity to the DUT 319 or other probes, this could 



As also shown in Figure 3, a cantilever motion sensor 311 may be used in 
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result in damage to the cantilever 305 or to the DUT 319. Thus, the use of a 
motorized light positioning mechanism in accordance with the teachings of the 
present invention significantly reduces the motion of the cantilever 305 while the 
light beam 325 is being adjusted. The use of a motorized light beam positioner 
5 also allows the light beam 325 to be automatically positioned on the cantilever 
305 without the need for operator intervention. This significantly decreases the 
need for operator training. 



305 is reflected off the cantilever and into a light beam angle detector included in 
10 motion sensor 31 1. In one embodiment, a motorized mechanical slide can be used 
to translate the light beam 325 angle detector so that it intercepts the reflected 
light beam 325. In one embodiment, the mechanical slide (not shown) can also be 
adjusted by hand, but this will result in a significant motion of the cantilever 305. 
Consequently, if the cantilever 305 is in close proximity to the DUT 319 or other 
15 probes this could result in damage to the cantilever 319 or to the DUT 319. Thus, 
the use of a motorized light beam angle detector positioning mechanism in 
accordance with the teachings of the present invention significantly reduces the 
motion of the cantilever 305 while the light beam angle detector is being adjusted. 
The use of a motorized light beam angle detector positioner also allows the light 
20 beam angle detector to automatically positioned without the need for operator 
intervention. This significantly decreases the need for operator training. 

In another embodiment, the motion of the cantilever 305 is sensed by the 
optical interference of a light beam 325 reflected off the cantilever 305with a 



In one embodiment, the light beam 325 that is directed onto the cantilever 
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reference light beam (not shown). As the cantilever 305 deflects light beam 305, 
the phase difference between the light beam 325 and the reference light beam will 
change. If the light beams are substantially a single frequency of light, then the 
amplitude of the two beams when added vary as the phase difference between 
5 them changes. In this way the motion of the cantilever can be detected. 

In yet another embodiment, cantilever 305 motion may be detected using a 
piezo resistive motion sensor. For example, in one embodiment, the cantilever 
motion is sensed using a resistor (not shown) in the cantilever. When the 
cantilever 305 bends, the resistance changes. A cantilever motion sensor that can 

10 detect a change in resistance may be used to detect cantilever motion. In one 
embodiment, the change in resistance is detected using a bridge-circuit. 

In still another embodiment, the motion sensor 311 includes an electrode 
(not shown) in close proximity to the cantilever 305 to sense cantilever 305 
motion. In particular, when the cantilever 305 bends, the spacing between the 

15 electrode and the cantilever 305 will change. This will result in a change in the 
capacitance between the electrode and the cantilever 305. The motion sensor 311 
can sense this change, which can then be used to detect cantilever 305 motion. In 
one embodiment, a bridge circuit could be used to detect changes in capacitance. 



20 between the cantilever 305 and DUT 319. In particular, if a potential difference 
exists between the cantilever 305 and an electrical trace in DUT 319, then an 
attractive force between the cantilever 319 and the trace in DUT 319 will be 
generated. This force will generate motion in the cantilever 305. As the 



In one embodiment, imaging is accomplished using non-contact forces 
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cantilever 305 moves away from the trace in DUT 319, this force will decrease 
and hence the motion of the cantilever 305. Thus, the electrostatic force can be 
used to determine the position of the trace for tip 307placement. In another 
embodiment, the magnetic forces generated between a magnetic moment on the 

5 cantilever 305 and the magnetic fields generated by current passing through the 
electrical trace in DUT 319 can be used for placing the tip 307. 

Figure 4 is an illustration of one embodiment of a probe apparatus 401 
including a coarse positioning unit 403 and a fine positioning unit 427 optionally 
attached to a probe station stage 413 in accordance with the teachings of the 

10 present invention. In one embodiment, a fine positioning unit 427 is on the end of 
arm 429 attached to course positioning unit 403, with the coarse positioning unit 
403 optionally attached to probe station stage 413. In one embodiment, a coarse 
x, y, z positioner is included in coarse positioning unit 403. An arm 429 is 
attached to and extends from the coarse positioning unit 403. A fine positioning 

15 unit 427 is located at the end of the arm 429 and is used for fine x, y, z positioning 
of the cantilever 405, which is attached to support structure 423. The coarse 
positioning unit 403 can be used to position the cantilever 405 and tip 407 within 
the range of motion of the fine positioning unit 427. 



20 unit 403 to allow the cantilever 405 to be positioned over distances of many 

centimeters. It is noted that the mechanisms used for coarse positioning unit 403 
in one embodiment are slow and have poor resolution. However, in one 
embodiment, since the mass of the cantilever 405 and the support structure 423 



In one embodiment, mechanical screws are used for coarse positioning 
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are small, they can be positioned quickly by the fine positioning unit with high 
resolution. In one embodiment, piezoelectric positioners in fine positioning unit 
427 are used and resolutions of less than 10 nm are readily achieved. 

It is noted that in one embodiment, if the fine positioning unit 427 is 
5 located on the probe station platform 413 via the coarse positioning unit 403, the 
cantilever 405 cannot be positioned quickly without inducing unwanted vibration 
of the arm 429 and cantilever 405. In one embodiment, the fine positioning is 
accomplished using piezoelectric positioners in the fine positioning unit 427. In 
another embodiment, the fine positioning is accomplished using voice coil 

10 positioners in the fine positioning unit 427. In still another embodiment, the fine 
positioning is accomplished using electrostrictive positioners in the fine 
positioning unit 427. In one embodiment, the coarse positioning is accomplished 
using ball bearing slides and fine pitched mechanical screws in the coarse 
positioning unit 403. In another embodiment, coarse positioning is accomplished 

15 using mechanical slides and stepper motor driven screws in the coarse positioning 
unit 403. It is appreciated that the embodiments listed above are given for 
explanation purposes and that there are of course many ways to accomplish the 
coarse positioning which will not significantly deviate from the concept presented 
above. 

20 In one embodiment, the cantilever 405 is made of a solid conductor. One 

advantage of this type of cantilever is that there is low resistance path between the 
DUT 419 and the electrical signal path 409. In another embodiment, the 
cantilever 405 includes a conducting coating on another material. For example, in 
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one embodiment, the cantilever 405 is coated with a conducting film such as for 
example but not limited to diamond or metal. The cantilever 405 material can be 
chosen for its mechanical properties such as elastic constant and resistance to 
plastic deformation and the conducting coating can be chosen for its electrical 
5 properties. In one embodiment, the cantilever 405 is made out of silicon and the 
conducting coating a titanium- tungsten alloy. 

Figure 5 is an illustration showing one embodiment of a cantilever support 
structure 523 and mirror 533 that do not interfere with the field of vision of an 
optical microscope objective lens of an optical imager 531. When the light 

10 bounce embodiment described above is used to detect the motion of the cantilever 
505, the light beam 525 has a path from the source of the light beam to the 
cantilever 505 and the reflected light has a path to an angle detector (not shown). 
It is also important to be able to view the sample with the probe station optical 
imaging system 531 for coarse positioning of the DUT 519 on probe station stage 

15 513 and the cantilever 505 and tip 507. 

In one embodiment, the optical path to and from the cantilever 505 is set 
up such that the optical elements of the light beam optical path, including mirror 
533, do not interfere with the field of view or optical path of the probe station 
optical imager 531. In one embodiment, a mirror 533 used to direct the light 

20 beam 525 onto the cantilever 505 and then direct the reflected light beam 525 
back to the angular position sensor is placed outside the field of view for the 
probe station optical imager 531. 

In one embodiment the deflection motion sensor (not shown) is such that it 
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does not interfere with the operation of other probes. Deflection sensors can often 
interfere with the operation of other probes. In the capacitance-based technique 
the electrode in close proximity to the cantilever may restrict the movement of 
other probes. In particular it may prevent two probes from probing devices in 
5 close proximity to one another. In one embodiment, the electrode in the 

capacitance based motion sensor is placed above the cantilever such that it does 
not interfere with the movement of other probes. 

In one embodiment, vibration of the probe tip 507 relative to the surface of 
DUT 519 is reduced by use of a control system, which dynamically adjusts the 

10 displacement at the tip 507. In another embodiment, motion of the tip 507 

relative to the surface of DUT 519 due to thermal expansion and contraction of 
mechanical elements is reduced by matching the probe materials to the probe 
station or probe system materials. In another embodiment, motion of the tip 507 
relative to the surface of DUT 519 due to thermal expansion and contraction of 

15 mechanical elements is reduced by measuring the temperature of the probe and its 
environment. In one embodiment, the probe tip 519 position is then automatically 
adjusted (using for example software) to reduce displacement relative to the 
surface. 



20 present invention has been described with reference to specific exemplary 

embodiments thereof. However, it will be evident that various modifications and 
changes may be made thereto without departing from the broader spirit and scope 
of the present invention. The present specification and figures are accordingly to 



In the foregoing detailed description, the method and apparatus of the 
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